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In magnetic recording the signal-to-noise ratio (SNR) is a good indicator for the quality of
written bits. However, a priori it is not clear which parameters have the strongest influence
on the SNR. In this work, we investigate the role of the Gilbert damping on the SNR. Grains
consisting of FePt like hard magnetic material with two different grain sizes d = 5 nm and
d = 7 nm are considered and simulations of heat-assisted magnetic recording (HAMR) are
performed with the atomistic simulation program VAMPIRE. The simulations display that
the SNR saturates for damping constants larger or equal than 0.1. Additionally, we can
show that the Gilbert damping together with the bit length have a major effect on the SNR
whereas other write head and material parameters only have a minor relevance on the SNR.
I. INTRODUCTION
The next generation recording technology to increase
the areal storage density of hard drives beyond 1.5 Tb/in2
is heat-assisted magnetic recording (HAMR)1–6. Higher
areal storage densities (ADs) require smaller recording
grains. These grains need to have high anisotropy to be
thermally stable. HAMR uses a heat pulse to locally
enhance the temperature of the high anisotropy record-
ing medium beyond the Curie temperature. Due to the
heating, the coercivity of the grain drops and it can be
written with the available head fields. After the grain
is written, the medium is cooled and the information is
safely stored. A good indicator for the quality of the
written bits is the so-called signal-to-noise ratio (SNR)
which gives the power of the signal over the power of the
noise7. To achieve high areal storage densities, record-
ing materials that show good magnetic properties even
at small grain sizes and thus yield high SNR values are
needed. However, a priori it is not clear which parame-
ters have the strongest influence on the SNR.
In this work, we investigate the effect of a varying damp-
ing constant on the SNR. HAMR simulations with the
atomistic simulation program VAMPIRE8 are performed
for cylindrical recording grains with two different diame-
ters d = 5 nm and d = 7 nm and a height h = 8 nm. The
material parameters of FePt like hard magnetic record-
ing media according to the Advanced Storage Technol-
ogy Consortium (ASTC)9 are used. Damping constants
between α = 0.01 and α = 0.5 are considered. Addition-
ally, we present an equation to include the influence of
the bit length to the SNR. With this we can explain a
SNR decrease of about 8.25 dB for 5- nm grains, which
results when changing the material and writing parame-
ters in the HAMR simulations from those used in former
simulations10–12 to those according to the Advanced Stor-
age Technology Consortium9, with the damping constant
and the bit length only.
The structure of this paper is as follows: In Section II,
the HAMR model is introduced and it is explained how
a)Electronic mail: olivia.muthsam@univie.ac.at
the SNR is determined. In Section III, the results are
presented and in Section IV they are discussed.
II. HAMR MODEL
Cylindrical recording grains with height h = 8 nm and
diameters d = 5 nm and d = 7 nm are considered. One
grain can be interpreted as one grain of a state-of-the-
art granular recording medium. A simple cubic crystal
structure is used. The exchange interaction Jij and the
effective lattice parameter a are adjusted so that the sim-
ulations lead to the experimentally obtained saturation
magnetization and Curie temperature13,14. In the simu-
lations, only nearest neighbor exchange interactions be-
tween the atoms are included. A continuous laser pulse
with Gaussian shape and the full width at half maximum
(FWHM) of 60 nm is assumed in the simulations. The
temperature profile of the heat pulse is given by
T (x, y, t) = (Twrite − Tmin)e−
x2+y2
2σ2 + Tmin (1)
= Tpeak(y) · e−
x2
2σ2 + Tmin (2)
with
σ =
FWHM√
8 ln(2)
(3)
and
Tpeak(y) = (Twrite − Tmin)e−
y2
2σ2 . (4)
v = 15 m/s is the speed of the write head. x and y label
the down-track and the off-track position of the grain,
respectively. In our simulations both the down-track po-
sition x and the off-track position y are variable. The
ambient and thus minimum temperature of all simula-
tions is Tmin = 300 K. The applied field is modeled as
a trapezoidal field with a field duration of 0.57 ns and a
field rise and decay time of 0.1 ns, resulting in a bit length
of 10.2 nm. The field strength is assumed to be +0.8 T
and −0.8 T in z-direction. Initially, the magnetization of
each grain points in +z-direction. The trapezoidal field
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2tries to switch the magnetization of the grain from +z-
direction to −z-direction. At the end of every simulation,
it is evaluated if the bit has switched or not.
The material and write head parameters according to the
Advanced Storage Technology Consortium9 are shown
Table I.
A. Determination of SNR
To calculate the signal-to-noise ratio, the read-back
signal of a written bit pattern has to be determined. To
write the bit pattern and get the read-back signal from it,
the following procedure is used. First, a switching prob-
ability phase diagram is needed for the writing process of
the bit pattern. Since it is very time consuming to com-
pute a switching probability phase diagram with atom-
istic or micromagnetic simulations, an analytical model
developed by Slanovc et al15 is used in this work. The
model uses eight input parameters (the maximum switch-
ing probability Pmax, the down-track jitter σdown, the off-
track jitter σoff , the transition curvature c, the bit length
b, the half maximum temperature F50, the position p2 of
the phase diagram in Tpeak direction and the position p3
of the phase diagram in down-track direction) to deter-
mine a switching probability phase diagram. Slanovc et
al showed that the maximum switching probability Pmax
and the down-track jitter σdown are the input parameters
with the strongest influence on the SNR. Note, that the
bit length b also has a strong influence on the SNR. In
the further course of this work, an equation to include
the bit length to the SNR calculations is shown. Thus,
the bit length can be assumed constant during the SNR
determination. The transition curvature c did not show
strong influence on the SNR for the used reader model
and the off-track jitter σoff is neglectable since the reader
width is with 30.13 nm smaller than the track width with
44.34 nm and thus does not sense the off-track jitter. p2
and p3 only shift the bit pattern and can thus be fixed
for comparability. For this reason, it is reasonable to fix
the input parameters, except for the maximum switch-
ing probability Pmax and the down-track jitter σdown.
The fixed input parameters are determined by a least
square fit from a switching probability phase diagram
computed with a coarse-grained Landau-Lifshitz-Bloch
(LLB) model16 for pure hard magnetic grains with mate-
rial parameters given in Table I. The fitting parameters
are summarized in Table II for grain diameters d = 5 nm
and d = 7 nm.
Further, it is necessary to compute the down-track jitter
σdown and the maximal switching probability Pmax for
the considered set of material and write head parameters,
see Table I. In the simulations, the switching probability
of a recording grain at various down-track positions x at
a peak temperature Tpeak = Tc + 60 K is calculated with
the atomistic simulations program VAMPIRE8, yielding
a down-track probability function P (x). To get the down-
track jitter and the maximum switching probability, the
switching probability curve is fitted with a Gaussian cu-
mulative distribution function
Φµ,σ2 =
1
2
(1 + erf(
x− µ√
2σ2
)) · Pmax (5)
with
erf(x) =
2√
pi
∫ x
0
e−τ
2
dτ, (6)
where the mean value µ, the standard deviation σ and
the mean maximum switching probability Pmax ∈ [0, 1]
are the fitting parameters. The standard deviation σ,
which determines the steepness of the transition function,
is a measure for the transition jitter and thus for the
achievable maximum areal grain density of a recording
medium. The fitting parameter Pmax is a measure for
the average switching probability at the bit center. Note,
that the calculated jitter values σdown only consider the
down-track contribution of the write jitter. The so-called
a−parameter is given by
a =
√
σ2down + σ
2
g (7)
where σg is a grain-size-dependent jitter contribution
17.
The write jitter can then be calculated by
σwrite ≈ a
√
S
W
(8)
where W is the reader width and S = D+B is the grain
size, i.e. the sum of the grain diameter D and the non-
magnetic boundary B15,18.
For each σdown and Pmax combination a switching prob-
ability phase diagram is computed with the analytical
model. With the resulting phase diagram, the writing
process of a certain bit pattern is simulated on granu-
lar recording medium15. Here, the switching probabil-
ity of the grain is set according to its position in the
phase diagram. The writing process is repeated for 50
different randomly initialized granular media. Finally,
the read-back signal is determined with a reader model
where the reader width is 30.13 nm and the reader res-
olution in down-track direction is 13.26 nm. The SNR
can then be computed from the read-back signal with
the help of a SNR calculator provided by SEAGATE19.
The resulting SNR value is given in dB (SNRdB). In the
following, the SNRdB is simply called SNR unless it is
explicitly noted different.
III. RESULTS
A. SNR Dependency on Damping
First, the influence of the damping constant on the
SNR is investigated in more detail. The damping con-
stant is varied from α = 0.01 to α = 0.5 for two different
grain sizes d = 5 nm and d = 7 nm. All other parameters
are taken from Table I. The bit length in the simula-
tions is 10.2 nm and the track width is 44.34 nm. The
down-track jitter curves are computed at Tpeak = 760 K
and fitted with eq. (5). In Figure 1, the SNR over the
3Curie temp.
TC [K]
Damping α
Uniaxial anisotropy
ku [J/link]
Jij [J/link] µs [µB] v [m/s]
field duration
(fd) [ns]
FWHM [nm]
693.5 0.02 9.124× 10−23 6.72× 10−21 1.6 15 0.57 60
TABLE I. Material and write head parameters of a FePt like hard magnetic granular recording medium accoring to the Advanced
Storage Technology Consortium.
grain size
5 nm 7 nm
σoff [K] 22.5 14.4
Pmax 0.995 0.997
F50 [K] 602 628
b [nm] 10.2 10.2
c [10−4 nm/K2] 3.88 4.89
p2 [K] 839 830
p3 [nm] 27.5 25.8
TABLE II. Reference parameters that are evaluated via least
square fit of the simulated phase diagrams for grain sizes 5 nm
and 7 nm. Details of the parameters can be found in15.
damping constants for both grain sizes is visible. Note
that the SNR is proportional to the number of grains,
meaning that the number of grains per bit has to be kept
constant to determine a nearly constant SNR20. How-
ever, since the dimensions of the granular media used for
the writing and reading process are fixed, less grains form
one bit for d = 7 nm. Thus, the SNR values for the larger
grain size are smaller than for the small grains.
The results show that changing the damping constant
from α = 0.01 to α = 0.02 already increases the SNR by
3.66 dB for 5 nm-grains. For d = 7 nm, the SNR gain is
1.65 dB. For 5 nm-grains, damping constants α ≥ 0.1 lead
to the best results with a total improvement of 6 dB com-
pared to α = 0.01. Surprisingly, enhancing the damping
constant beyond 0.1 does not show any further improve-
ment, the SNR saturates. This behavior is the same for
the 7 nm-grains. However, the total betterment of the
SNR is only 2.24 dB for the larger grains. The SNR sat-
uration results from the fact that Pmax = 1 for α ≥ 0.1.
Simultaneously, the down-track jitter σdown varies only
marginally for α ≥ 0.1 (see Table III) such that it does
not alter the SNR. The correlation between the SNR and
the maximum switching probability Pmax is shown in Fig-
ure 2. It shows that the fitted SNR curve reproduces the
data very well.
By further studying the switching dynamics of a 5 nm-
grain, one can show that the assumed pulse duration of
the heat pulse and the applied field strength are crucial
for the saturation of the SNR. In Figure 3, it is displayed
how the duration of the heat pulse influences the maxi-
mum switching probability and with it the SNR. During
the duration of the heat pulse the field is considered to
constantly point in −z−direction. The results demon-
strate that Pmax does not saturate for small pulse du-
rations. If longer pulse durations ≥ 0.5 ns are assumed,
a Pmax saturation can be seen. A similar effect can be
seen for a change of the field strength when the pulse
duration is assumed to be 0.5 ns (see Figure 4). For a
small head field with a strength of 0.5 T, Pmax shows no
saturation whereas it does for larger head fields. From
FIG. 1. Resulting SNR for various damping constants α for
grains with two different diameters d = 5 nm and d = 7 nm.
FIG. 2. SNR and Pmax depending on the damping constant
α for grain size with a diameter of 5 nm.
the simulations with varying duration of the heat pulse
and field strength, it can also be seen that the SNR can
be improved for smaller damping constants if the dura-
tion of the heat pulse is increased due to a smaller head
velocity or the field strength are enhanced.
B. SNR Dependency on bit length
The influence of the bit length on the SNR was al-
ready studied by Slanovc et al15. In this work, the fol-
45 nm 7 nm
α σdown [nm] Pmax σdown [nm] Pmax
0.01 2.0 0.917 1.13 0.955
0.02 0.9475 0.974 0.83 0.99
0.05 0.7 0.989 0.549 1.0
0.1 0.688 1.0 0.442 1.0
0.3 0.495 1.0 0.48 1.0
0.5 0.64 1.0 0.636 1.0
TABLE III. Resulting down-track jitter parameters and mean maximum switching probability values for pure hard magnetic
material with different damping constants α.
FIG. 3. Maximum switching probability Pmax over damping
α for different pulse lengths of the heat pulse. A field strength
of −0.8 T for grains with diameter d = 5 nm is assumed.
lowing calculation is important. For the SNR calcula-
tions a bit length b1 = 10.2 nm is assumed since this is
the bit length resulting from the ASTC parameters. The
track width in the simulations is again 44.34 nm. How-
ever, the bit length can change due to a variation of the
write head parameters (field duration and head velocity).
Therefore, the bit length for the former parameters10–12
is 22 nm. To write a bit pattern with larger bit lengths
(b > 12 nm) the simulations of new granular media are
required. This is computationally very expensive. Thus,
a different approach is needed to qualitatively investi-
gate the influence of the bit length. For the SNR with
SNRdB = 10 log10(SNR), there holds
18
SNR ∝
(
b
a
)2(
T50
b
)(
W
S
)
(9)
with the bit length b and the read-back pulse width T50
which is proportional to the reader resolution in down-
track direction. The ratio T50/b is called user bit density
and is usually kept constant18. Further, the reader width
W and the grain size S are constant. Since the aim is to
qualitatively describe the SNR for a bit length b2 from
SNR calculations with a bit length b1, the a-parameter a
is also assumed to be constant. The SNRdB for a different
bit length b2 can then be calculated by
FIG. 4. Maximum switching probability Pmax over damping
α for different field strengths. The durations of the heat pulse
of 0.5 ns for grains with diameter d = 5 nm is assumed.
SNRdB(b2)− SNRdB(b1)
= 10 log10(SNR(b2))− 10 log10(SNR(b1))
= 10 log10(b
2
2)− 10 log10(b21) = 20 log10(
b2
b1
) (10)
since all other parameters are the same for both bit
lengths. Thus, one can compute the SNRdB value for
a varied bit length b2 via the SNRdB of the bit length b1
by
SNRdB(b2) = SNRdB(b1) + 20 log10(
b2
b1
). (11)
The curve achieved by eq. (11) with b1 = 10.2 nm agrees
qualitatively very well with the SNR(bit length) data
from Slanovc et al15. It is thus reasonable to use this
equation to include the bit length to the SNR.
C. Combination of damping and bit length
5Curie temp.
TC [K]
Damping α
Uniaxial anisotropy
ku [J/link]
Jij [J/link] µs [µB] v [m/s]
field duration
(fd) [ns]
FWHM [nm]
536.6 0.1 9.12× 10−23 5.17× 10−21 1.7 20 1.0 20
TABLE IV. Material and write head parameters of a FePt like hard magnetic granular recording medium that were used in
former works10–12.
Parameter set diameter [nm] Tpeak [K] bit length [nm] Pmax σdown [nm] SNR [dB]
ASTC 5 760 10.2 0.974 0.95 17.51
Parameters of former
works10–12
5 600 22 0.984 0.384 25.76
ASTC 7 760 10.2 0.99 0.83 15.35
Parameters of former
works10–12
7 600 22 1.0 0.44 22.75
TABLE V. Resulting Pmax, σdown and SNR values for the simulations with ASTC parameters and those used in former
simulations.
The simulations with write head and material parameters
according to the ASTC are compared to simulations with
parameters used in former works10–12. Main differences
to the currently used parameters are the bit length, the
damping constant, the height of the grain, the exchange
interaction, the atomistic spin moment, the full width at
half maximum, the head velocity and the field duration.
These former parameters are summarized in Table IV.
Comparing the SNR values of both parameter sets shows
that for d = 5 nm the SNR is about 8.25 dB larger for the
former used parameters than for the ASTC parameters
and for d = 7 nm it is ∼ 7.4 dB larger. The question is
if the damping and bit length variation can fully explain
this deviation.
Increasing the damping constant from α = 0.02 to α =
0.1, yields about +2.25 dB for d = 5 nm and +0.72 dB for
d = 7 nm. Additionally, with the calculations from Sec-
tion III B, one can show that by changing the bit length
from b1 = 10.2 nm to b2 = 22 nm gives
SNRdB(b2) = SNRdB(b1) + 6.85 dB. (12)
Combined, this shows that the difference in the SNR
can be attributed entirely to the damping and the bit
length enhancement. Moreover, simulations where the
other material and write head parameters are changed
one by one confirm this findings. The other write head
and material parameters that are changed in the simu-
lations have only minor relevance on the SNR compared
to the damping constant and the bit length.
IV. CONCLUSION
To conclude, we investigated how the damping con-
stant affects the SNR. The damping constant was varied
between α = 0.01 and α = 0.5 for two different grain sizes
d = 5 nm and d = 7 nm and the SNR was determined.
In practice, the damping constant of FePt might be in-
creased by enhancing the Pt concentration21,22. Another
option would be to use a high/low Tc bilayer structure
23
and increase the damping of the soft magnetic layer by
doping with transition metals24–28. An interesting find-
ing of the study is the enormous SNR improvement of
6 dB that can be achieved for 5 nm-grains when enhanc-
ing the damping constant from α = 0.01 to α = 0.1
and beyond. It is reasonable that the SNR improves
with larger damping. This results from the oscillatory
behavior of the magnetization for small damping dur-
ing switching. In fact, smaller damping facilitates the
first switching but with larger damping it is more likely
that the grain will switch stably during the cooling of the
thermal pulse29. This leads to a smaller switching time
distribution for larger damping constants and in the fur-
ther course to higher SNR values. However, an increase
of the duration of the heat pulse due to a smaller head
velocity or an increase of the field strength can improve
the SNR even for smaller damping constant.
Furthermore, the results display a SNR saturation for
damping constants α ≥ 0.1. This SNR saturation can be
explained with the saturation of the maximum switching
probability and the only marginal change of the down-
track jitter for α ≥ 0.1. Indeed, one can check that for
shorter pulse widths and smaller field strength, the be-
havior is different and the SNR does not saturate. In
this case, the SNR rises for increasing damping constants.
Summarizing, the SNR saturation for a varying damping
constant depends strongly on the used field strength and
the duration of the heat pulse.
The qualitative behavior for 7 nm-grains is the same. In-
terestingly, the SNR change for a varying damping con-
stant is not as significant as for grains with d = 5 nm.
This results from the higher maximum switching proba-
bility and the smaller down-track jitter σdown for 7 nm-
grains even for small damping constants. This is as
expected since larger grain sizes lead to an elevated
maximum switching probability11 and smaller transition
jitter7 compared to smaller grain sizes. This limits the
possible increase of the recording performance in terms
of Pmax and σdown and thus the possible SNR gain. Ad-
ditionally, the SNR saturation value is smaller for 7 nm-
grains since one bit consists of fewer grains.
The overall goal was to explain the decrease of the SNR
by about 8.25 dB and 7.4 dB for d = 5 nm and d = 7 nm,
respectively, when changing from recording parameters
used in former simulations10–12 to the new ASTC pa-
rameter. Indeed, together with the bit length variation,
the SNR variation could be fully attributed to the damp-
6ing enhancement. The other changed parameters like the
atomistic spin moment, the system height, the exchange
interaction and the full width at half maximum have only
a minor relevance compared to the influence of the damp-
ing α and the bit length.
In fact, the variation of the bit length gave the largest
SNR change. However, since an increase of the bit length
is not realistic in recording devices, the variation of the
material parameters, especially the increase of the damp-
ing constant, is a more promising way to improve the
SNR.
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